Cancer-induced bone pain (CIBP) is a major clinical problem with up to 85% of patients with bony metastases having pain, often associated with anxiety and depression, reduced performance status, and a poor quality of life. Malignant bone disease creates a chronic pain state through sensitization and synaptic plasticity within the spinal cord that amplifies nociceptive signals and their transmission to the brain. Fifty per cent of patients are expected to gain adequate analgesia from palliative radiotherapy within 4 -6 weeks of treatment. Opioid analgesia does make a useful contribution to the management of CIBP, especially in terms of suppressing tonic background pain. However, CIBP remains a clinical challenge because the spontaneous and movement-related components are more difficult to treat with opioids and commonly used analgesic drugs, without unacceptable side-effects. Recently developed laboratory models of CIBP, which show congruency with the clinical syndrome, are contributing to an improved understanding of the neurobiology of CIBP. This chronic pain syndrome appears to be unique and distinct from other chronic pain states, such as inflammatory or neuropathic pain. This has clear implications for treatment and development of future therapies. A translational medicine approach, using a highly iterative process between the clinic and the laboratory, may allow improved understanding of the underlying mechanisms of CIBP to be rapidly translated into real clinical benefits in terms of improved pain management.
Metastatic cancer-induced bone pain (CIBP) is a severe clinical problem that is often inadequately treated by current analgesics. Indeed, 85% of patients with bony metastases have significant pain associated with increased morbidity, reduced performance status, increased anxiety and depression, and a reduced quality of life. 5 6 56 Tumours that most often result in metastatic bone pain originate from breast, lung, and prostate cancers. 7 8 CIBP is a complex pain syndrome involving background pain (typically opioid responsive), which can be described as a dull ache that increases in intensity with progression of the disease. 43 Additionally, CIBP involves spontaneous breakthrough pain and movement-related pain, which are generally difficult to treat with opioids without intolerable side-effects. 44 CIBP remains a clinically challenging problem to treat rapidly and effectively. In order to properly evaluate our current therapies and logically direct the development of new therapies, it is important to understand the underlying mechanisms of CIBP and the evidence base for our current standard treatments.
Clinical aspects of CIBP

Assessment and management
Careful clinical observation has demonstrated that CIBP has several components: a tonic background pain at rest, spontaneous pain at rest, and pain associated with movement. 88 Our work has shown that: (i) pain on movement or spontaneous pain at rest has a mean VAS score of 7/10 compared with pain at rest, which has a mean score of 3/10; (ii) 83% of patients have pain, which is significantly worse on movement; (iii) 50% of patients with movement-related or spontaneous pain reported that the duration was ,30 min and 25% reported a duration of ,15 min; (iv) 52% of patients felt that both movement-related and spontaneous pain were unpredictable. 88 Although the tonic background pain is usually controlled with opioid analgesia, the other two components are problematic because of three factors.
(1) Temporal onset of pain in relation to temporal onset of analgesia from opioids. Onset of analgesic effects of immediate release morphine is usually 30 min. (2) Resolution of pain in relation to duration of opioid analgesia. Although immediate release morphine may have analgesic effects for up to 4 h, spontaneous and movement-related pain can be resolved in ,30 min in 50% of patients, rendering the patient more susceptible to opioid side-effects. (3) Evidence of poor opioid-responsiveness of some aspects of the underlying neurophysiology of the spontaneous and movement-related pain components. 39 88 91 The combination of the above factors indicates that opioid adverse effects, especially sedation, are more likely to dominate over analgesia. In any pain syndrome where there are sudden, short-lived, peaks of pain over and above a stable background pain, the opioid adverse effects are more likely to be problematic.
Opioid toxicity
Opioid toxicity is a spectrum which at one extreme may involve sleepiness, poor concentration, vivid dreams, or both, whereas at the other extreme may involve hallucinations, confusion, agitation, or hypoactive delirium. A survey of inpatients in a cancer centre showed 50% of patients to have some symptoms of opioid toxicity, most of which were not identified by staff. 70 Significant opioid toxicity is associated with a 50% mortality and it is known that in those patients who recover from significant toxicity, the distress experienced is profound. It is therefore very important to avoid opioid toxicity and to develop treatments that minimize this risk.
Currently, non-steroidal anti-inflammatory drugs (NSAIDs) and palliative radiotherapy form the key strategies which complement simple or opioid analgesia in CIBP relief. The evidence base for these strategies along with emerging newer strategies is discussed below; however, a major problem with the evidence base is the methodology of CIBP assessment. There is almost no information on which components of CIBP are helped by which treatments.
Current management of CIBP ( Fig. 1) The standard approach to the management of CIBP is a combination of analgesia and radiotherapy. Although it is accepted that radiotherapy is the gold standard treatment for pain relief in CIBP, there are a significant number of patients who fail to receive adequate analgesia. External beam radiotherapy, whether single or multiple fractions, produced 50% pain relief in 41% of patients and complete pain relief at 1 month in 24% of patients. 41 However, many patients are too frail to attend for palliative radiotherapy or it is too late to reasonably expect pain relief before death.
We know that current therapeutic regimens leave up to 45% of patients with inadequate and under-managed pain control. 10 45 For such reasons, an improved understanding of the pathophysiological mechanisms underlying, in particular, spontaneous pain at rest and movement-related pain are important. The development of effective pharmacological interventions to act as adjuvants or synergists to palliative radiotherapy to improve the degree of pain relief, in addition to providing analgesia to those too unwell to benefit from palliative radiotherapy, is an important area of research.
Current analgesic therapies for CIBP have not altered significantly in over a decade, since the introduction of bisphosphonates. Opioid-based therapy does remain the basis for most analgesia in CIBP. In theory, there are two aspects to the optimization of opioid analgesia: first, establishing the best opioid for an individual based on the pharmacogenomic principle of interindividual variation in balance between analgesia and side-effects and, secondly, assessing the optimal pharmacokinetic:pharmacodynamic profile from the opioids available. There is more weight given to the first aspect in relation to chronic background pain, but more weight given to the second in relation to spontaneous pain at rest and movement-related pain.
A subgroup of patients get uncontrolled CIBP only after considerable and predictable movement, such as a long walk. This group is often satisfied to use a standard opioid such as normal release morphine, 30 min in advance of such activity. Conversely, in those patients whose pain is unpredictable and of fast onset, unacceptable side-effects are likely to occur with standard opioids. In such cases, a faster, short-acting opioid is more appropriate. Most of the evidence for opioids with faster onset of analgesia and faster peak plasma analgesic levels is limited to fentanyl. 94 It is not uncommon for patients to use a sustained release opioid preparation such as morphine for background bone pain and either immediate release morphine or a fentanyl preparation for spontaneous pain and movement-related pain.
Non-steroidal anti-inflammatory drugs
The use of NSAIDs in CIBP has been questioned due to the lack of robust, clinical evidence. The three randomized trials of NSAIDs in cancer pain do not separate out bone metastases, and six non-randomized trials mention bone metastases but do not record incident pain. 14 16 46 47 72 73 75 83 The newer cyclooxygenase (COX)-2 (an inducible isoform of COX enzyme involved in prostaglandin synthesis) specific inhibitors may in theory be of greater therapeutic potential due to their anti-tumour/antiangiogenic properties. 69 74 In an animal model of CIBP, acute treatment with a highly selective COX-2 inhibitor attenuated both background and movement-induced pain, whereas chronic treatment additionally reduced tumour burden and osteoclast destruction. 63 Clearly, the use and availability of COX-2 inhibitors has fluctuated because of concerns with some drugs within this class. Most clinicians regard NSAIDs as an important part of CIBP management unless contraindications exist.
Bisphosphonates
There is some evidence for the use of bisphosphonates in bone metastases, with one review showing that regular use of bisphosphonates reduced the number of skeletalrelated events in numerous cancers. 61 A Cochrane review of the clinical efficacy of bisphosphonates for pain relief in metastatic bone disease suggested that there was some evidence for their use as analgesics, although the effect was delayed. The number needed to treat to achieve 50% pain relief at 4 weeks was 11, falling to 7 at 12 weeks. 89 Although bisphosphonates form part of standard therapy for the prevention of skeletal events in some cancers, the role of bisphosphonates in immediate pain relief is less well defined. This highlights the problems in extracting evidence from studies where there are wide variations in quantifying quality of life and bone pain. Multiple different methods have been used to assess quality of life and pain, making it difficult to compare results between different studies. This has prevented the effective collation of evidence.
Analysis of the publications available to date has not revealed any great differences between individual bisphosphonates given at standard doses, but objective assessment is complicated by differences in study design, measurement methods, and statistical analyses. Comparative studies will be needed to help resolve this.
A Cochrane review in 2000 concluded that there is evidence to support the effectiveness of bisphosphonates in providing some pain relief for CIBP but that there is insufficient evidence to recommend bisphosphonates for immediate effect as first line therapy. Evidence defining the most effective bisphosphonates or their relative effectiveness for different primary neoplasms is also limited. 89 However, although a clearer evidence base for these areas is eagerly awaited, it is reasonable to consider bisphosphonates for pain relief in CIBP where analgesics, radiotherapy, or both are inadequate.
Glutamate inhibitors and N-methyl-D-aspartate antagonists
On the basis that CIBP has neuropathic and inflammatory components and clinical and laboratory evidence of central wind-up, it is not surprising that inhibitors of glutamate release have been considered and investigated. It is known that in animal studies, gabapentin reverses dorsal horn changes associated with CIBP resulting in relief of spontaneous and movement-related pain. 12 Clinical studies are currently underway with pregabalin, a more potent inhibitor of glutamate release and the hypothesis is that this class of drug may provide very useful adjuvant analgesia to standard care.
Inhibitors of the N-methyl-D-aspartate (NMDA) glutamate receptor complex may also be of interest, especially as NMDA subtype inhibitors are developed. At present the non-specific NMDA antagonist, ketamine, is used in some difficult to manage cases.
Osteoprotegerin
Osteoprotegerin (OPG) is a promising target, which may act through reduction of osteoclast function to diminish tumour-induced bone destruction. Indeed, early clinical work with OPG is interesting and may hold future promise. 33 A single SC dose of AMGN-0007 (a recombinant construct of OPG) suppressed bone resorption as indicated by a rapid, sustained, and profound decrease of urinary N-telopeptide of collagen (NTX)/creatinine in multiple myeloma and breast carcinoma patients. Changes were comparable with those with pamidronate.
Endothelin-1 antagonists
Androgen refractory prostate cancer continues to evade effective treatment. The potent vasoconstrictor endothelin-1 is produced by prostate cancer and appears to have a role in prostate cancer progression and morbidity. On the basis of preclinical and clinical trial data, the endothelin axis is emerging as potentially important in this response. 19 Drugs targeting the endothelin axis, such as the potent ET(A) receptor antagonists atrasentan, have been studied in large clinical trials and appears to have an impact on disease progression and morbidity. The role of the endothelin axis in prostate cancer deserves further investigation in the laboratory and clinic. Laboratory studies of ET(A) in CIBP have demonstrated analgesic effects on both background and movement-evoked pain. 53 
Future concepts
Alpha-v-beta3 (avb3) integrin blocker
The integrin avb3 mediates cell-matrix interactions. 49 Vitaxin w , a humanized monoclonal antibody that blocks human and rabbit avb3 integrins, is in clinical trials for metastatic melanoma and prostate cancer. Vitaxin w decreases bone resorption by impairing osteoclast attachment, without affecting osteoclast multinucleation. Data also show that the inhibitory effects of Vitaxin w on osteoclasts can be modulated by factors known to alter the conformation of avb3. The effects of Vitaxin w on reducing osteoclast activity may have future clinical utility in the management of CIBP.
Cancer pain mechanisms and management
The fundamental clinical issues in moving CIBP management forwards are: (i) the temporal characteristics of spontaneous and movement-related pain; (ii) the onset of action of opioid analgesia; (iii) opioid adverse effects; (iv) emerging evidence of intrinsically poorer opioid responsiveness of spontaneous and movement-related bone pain.
Animal models of CIBP
Until relatively recently, it was difficult to study the pain associated with bone metastases as the systemic models of cancer have much more widespread effects making the underlying CIBP difficult to evaluate. The emergence of focal bone metastasis models, displaying behavioural signs compatible with the clinical syndrome, has meant that our understanding of the underlying mechanism of this chronic pain syndrome has advanced significantly in the last decade. Earlier models of CIBP were reliant upon the systemic 2 64 or i.m. 32 injection of carcinoma cells, which can result in more than one randomly sited bone metastasis, with the associated effects of disseminated malignancy. These systemic CIBP models made investigation of the mechanisms of CIBP difficult to assess. A model more closely linked to the human clinical condition in terms of both pain development and bone destruction was required. Schwei and colleagues first described a murine model of CIBP, whereby the injected tumour cells are confined to the marrow of the femur without invading adjacent soft tissues. After injection, the tumour cells proliferate resulting in extensive tumourinduced bone destruction and development of pain-related behaviours, 65 in parallel with the clinical condition. 27 33 This model has subsequently been developed for use with different carcinoma cell lines, bones and for use in rats. 42 62 86 Numerous factors involving peripheral tissues and the central nervous system have been shown to be involved in the development and maintenance of CIBP. Recent studies have shown that mineralized bone, marrow, and the periosteum are all innervated by sensory neurons and postganglionic sympathetic neurons. 25 36 Although the tumour itself may not be highly innervated by sensory neurons, 50 66 80 it is thought that rapid tumour growth in the marrow may lead to injury of these nerves. Indeed, a recent study has shown that as tumour cells grow within the bone, they come into contact, injure, and then destroy the distal processes of sensory fibres that innervate the bone marrow and mineralized bone. 53 To identify the sensory fibres that innervate the marrow, mineralized bone, and periosteum, several markers were employed including calcitonin gene-related peptide (CGRP) to label peptidergic sensory neurons and isolectin B4 (IB4), which labels non-peptidergic sensory neurons. 36 The sensory neurons that innervate the marrow and mineralized bone appear to be largely CGRP-containing (and IB4-negative), although a subpopulation may also co-express the tachykinins, substance P (SP) and neurokinin A. 36 Recent proteomic analysis of spinal cord showed increased CGRP, but not SP levels ipsilateral to CIBP injury. 52 This contrasts with models of surgical peripheral nerve injury, where a downregulation of CGRP and SP expression in the injured sensory neurons is observed 38 48 and in models of inflammatory pain, where both of these neurotransmitters increase. 17 Tumour-induced proliferation and hypertrophy of osteoclasts in bone may also contribute to development of CIBP. Osteoclasts destroy bone by maintaining a highly acidic microenvironment surrounding themselves and mineralized bone. 4 The use of OPG, a decoy receptor which reduces osteoclast function through binding to the OPG ligand (known as the receptor for activator of NF-kB ligand, RANKL), 59 71 92 has resulted in a reduction in CIBP-induced pain behaviours in the mouse. 26 33 Transient receptor potential channel, TRPV1 (or vanilloid receptor 1), and the acid-sensing ion channels (ASICs) are activated by a decrease in pH 87 and are expressed by the sensory neurons that innervate bone, 22 51 suggesting that inactivation of TRPV1 or ASIC may reduce CIBP by blocking the excitation of sensory neurons. Following inflammation or tissue injury, sensory neurons have a higher expression of TRPV1 induced by nerve growth factor (NGF). 90 Osteoclast-induced bone resorption can induce the release of growth factors, 21 93 which can directly activate nociceptors. 55 60 Reducing osteoclast activity and thereby inhibiting bone resorption with bisphosphonates has been demonstrated to reduce CIBP-induced pain behaviours. 68 Numerous other cells within the tumour site, for example, immune cells, including macrophages, neutrophils, and T-cells, can secrete various factors that can directly act on sensory neurons, such as prostaglandins, cytokines, endothelins, and growth factors. 1 37 40 In addition to the tumour, immune, and inflammatory cells activated by CIBP, there is a prominent activation of glial cells, such as astrocytes, in the spinal cord, which is only observed ipsilateral to injury in the segments of the spinal cord that receive sensory innervation from the affected bone. 65 Growth factors released as a result of CIBP, such as NGF, may play numerous roles, such as directly activating sensory neurons and modulating the expression for example, of various neurotransmitters (SP and CGRP), ion channels (TRPV1, ASIC3, the purinergic receptors, such as P2X or sodium channels), and stress-activated transcription factors, such as activating transcription factor 3.
11 30 58 84 Anti-NGF therapy in a CIBP model was found to reverse both early-and late-stage CIBP painrelated behaviours and to be more efficacious than the acute administration of morphine. 23 67 Although several cytokines can be released, such as interleukin-1, tumour necrosis factor-alpha from both microglia and astrocytes, 79 and immune cells, the effects of their inhibition in CIBP has yet to be assessed. Cancer cells and macrophages associated with tumours appear to express high levels of COX-2. Prostaglandins can directly activate sensory nociceptor neurons by binding to several prostanoid receptors. 82 Drugs that target prostaglandins and endothelins have been evaluated in CIBP. The use of COX-2-specific inhibitors appears to alleviate some aspects of CIBP and may also slow down the cancer progression. 15 A recent study has shown that administration of an endothelin A receptor antagonist attenuated both ongoing and movement-evoked CIBP without affecting either tumour growth or bone destruction. 54 The destruction of bone observed in CIBP may also add to the development of pain. As the disease progresses, the mechanical strength of the bone is compromised and may lead to fractures. 34 Previous studies have illustrated that mechanical distortion of the periosteum may be a major source of pain, perhaps contributed to by the dense meshwork of CRGP containing sensory neurons on the periosteum. 36 39 43 CIBP appears to be mechanistically distinct compared with neuropathic or inflammatory pain states, where major differences occur in the cellular and neurochemical changes in the nervous system. There is a prominent up-regulation of glial cells in the spinal cord ipsilateral to CIBP. 65 Whilst no change in sensory neurotransmitters, SP or CGRP expression was observed ipsilateral to CIBP 52 (compared with the contralateral [uninjured] CIBP spinal cord). 28 Notably, there was no reported change in the sensory neurotransmitters, galanin, or neuropeptide-Y after CIBP, whereas they are markedly up-regulated after peripheral nerve-injury, 28 29 although a more recent study has shown an increase in galanin in the sensory neurons ipsilateral to CIBP. 53 Collectively, these data indicate that CIBP is clearly a distinct entity not a chronic pain state due entirely to either inflammation or neuropathy.
More than 50% of patients with malignant bone pain suffer unacceptable opioid side-effects, making pharmacological management difficult. 70 A recent study has shown that pain-related behaviours, such as movement-evoked pain, are actually relatively resistant to opioid treatment, with 10-fold higher doses of morphine required when compared with those for chronic inflammatory pain states in animal models. 35 Another animal study showed worsening pain with continued opioid use. 31 Indeed, a recent report illustrates that in CIBP patients who become tolerant to their current opioid therapy with a resultant escalation of their cancer-induced pain, 24 increasing the opioid dose can worsen, rather than ease the pain. 9 Radiotherapy (XRT), as the current standard treatment for CIBP, has been studied in a mouse model with a single fraction (6 Gy) resulting in functional improvement. 18 This was enhanced by combined treatment with the NSAID, ketorolac, suggesting that such low doses of irradiation may not give maximal analgesia. 85 How XRT results in analgesia is poorly understood, although it is likely to be due to a combination of peripheral and central effects, including alterations in nociceptive processing in the central nervous system. After irradiation, no differences were observed in peripheral tissues, such as tumour size, inflammatory cytokines, or osteoclast activity, whereas spinal changes were evident, with a reduction in spinal glial activity, dynorphin, COX-2, and CGRP expression. 52 85 Urch and colleagues 81 first characterized the magnitude of dorsal horn neuronal responses after CIBP, which was found to be hyperexcitable compared with sham-operated animals. This excitability was driven by a population of wide dynamic range lamina I neurons that respond to both noxious and innocuous stimuli. Gabapentin has been shown to reduce CIBP-induced dorsal horn neuronal responses when administered acutely or chronically, with alterations in CIBP-induced pain behaviours observed with chronic administration, thereby suggesting a possible use for gabapentin in the treatment of CIBP. 12 Changes in the excitability of dorsal horn neurons contributing to central sensitization may be dependent not only on spinal circuits but also control from higher centres. 77 The descending 5HT 3 system is excitatory and has been shown to be enhanced after some forms of inflammation (formalin) and peripheral nerve injury, 20 57 77 indicating that activation of this descending facilitatory pathway may contribute to spinal excitability. 13 This system is thought to be driven by a population of NK1 positive lamina I neurons, thus creating a loop that enhances nociceptive processing. This also receives input from higher centres involved in the affective and autonomic aspects of pain, 76 which given the Fig 1 Overview of the management of metastatic bone pain. *Nonrandomized controlled trials, cohort study etc.; **one or more well-designed randomized controlled trials; ***systematic review or mega-analysis. This figure is attributed to P. Hoskin.
Cancer pain mechanisms and management correlation of increased anxiety and depression in the clinical CIBP condition may be a possible mechanism of the emotional condition of the patient affecting their experience of pain. 43 78 Conclusions and future work
The underlying mechanisms of CIBP appear to be complex and to have both an inflammatory and tumourigenic component. 53 Understanding the role played by inflammatory cells, tumour-secreted factors, and the injury to sensory neurons that innervate the bone, in addition to the changes in spinal glia and neurons after CIBP, may aid the development of novel efficacious mechanism-based therapies.
It is clear that clinical CIBP is complex and that optimum treatment in the future is likely to be multimodal. Clarity of thought about future CIBP management depends on the appropriate design of clinical trials, in particular in relation to patient and pain assessments and outcome measures. In addition, the information from basic science is increasing rapidly, with an excellent animal model of CIBP. Close basic science and clinical collaboration will help to inform the direction of clinical research. It is also possible that optimum management of CIBP will be individualized not just on pain characteristics but on primary tumour site. 
